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TOPICAL REVIEW — Valleytronics

Valley transport in Kekulé structures of graphene
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Valleytronics is an emergent discipline in condensed matter physics and offers a new way to encode and manipulate
information based on the valley degree of freedom in materials. Among the various materials being studied, Kekulé dis-
torted graphene has emerged as a promising material for valleytronics applications. Graphene can be artificially distorted to
form the Kekulé structures rendering the valley-related interaction. In this work, we review the recent progress of research
on Kekulé structures of graphene and focus on the modified electronic bands due to different Kekulé distortions as well
as their effects on the transport properties of electrons. We systematically discuss how the valley-related interaction in the
Kekulé structures was used to control and affect the valley transport including the valley generation, manipulation, and
detection. This article summarizes the current challenges and prospects for further research on Kekulé distorted graphene

and its potential applications in valleytronics.

Keywords: graphene, Y-shaped Kekulé (Y-Kek) lattice distortion structure, O-Kekulé (O-Kek) structure, val-

ley current
PACS: 78.20.Jq, 71.70.Fk, 72.80.Vp

1. Introduction

The electronic properties of graphene at low energy are
governed by the Dirac particle characteristics due to its hexag-
onal honeycomb lattice structure. Meanwhile, the Dirac elec-
trons have additional lattice pseudospin and valley degrees
of freedom besides the conventional charge and spin de-
grees of freedom.!'~# Compared to the charge degree of free-
dom, the valley degree of freedom has lower power consump-
tion and faster data processing speed in carrying and storing
information>! when it is used as a degree of freedom to make
a new generation of electronic devices.

Currently, researches on the valley degree of freedom of
Dirac electrons are expanded from graphene materials to other

=181 guch

two-dimensional honeycomb structural materials,
as silicene,’! MoS,,812! etc. A vast amount of methods were
shown to effectively generate, manipulate, and detect the val-
ley pseudospin.>3:19-261 For examples, Milovanovic et al. !
showed that the pseudomagnetic field generated by the strain
protrusions with certain height and width can produce valley-
polarized currents in a multi-terminal graphene device. Yao et
al.'*! found that the propagation direction of Dirac electrons
in graphene line-defect lattice structures is locked with the val-
ley degree of freedom under the action of the pseudomagnetic
field owing to the nonuniform strains, and this can generate
the valley-polarized currents simultaneously.

By inducing the Kekulé distortion!?’!1 or special atom-

32,33

adsorption potentials*>33] in the graphene lattice to produce a
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superlattice structure with a primitive cell enlarged three times

[14.15,30.31] the two valleys could

than that of the original one,
be folded together in the system. So the coupling of the two
valleys has been extensively investigated to control the valley
degree of freedom in literature. 303

In 2016, Gutierrez et al.!*% through experiment found
that when graphene thin films were epitaxially grown on a Cu
substrate, Cu atom vacancy was present in every six carbon
atoms, and the unit cell of the structure was enlarged three
times than that of the pristine graphene one. Consequently,
the lattice hopping energy between the carbon atom with the
Cu atom vacancy and its adjacent three carbon atoms is uni-

d, 13640411 and a periodic superlattice structure

formly modifie
forms. This structure is called the Y-shaped Kekulé lattice
distortion (Y-Kek)*®! as shown in Fig. 1(a). The two val-
leys of the Dirac electrons in the Y-Kek structure are no
longer degenerate,*>#?1 and the valley-momentum locking
effect occurs.*’l The energy dispersion is the interlocking of
two Dirac cones with different Fermi velocities,#043] exhibit-
ing valley-dependent linear dispersion relationship.3%-36491 Tn
addition, there is another type of Kekulé distorted superlattice
structure as shown in Fig. 1(b) termed as the O-Kekulé struc-
ture (O-Kek), 314041441 where the hopping energies of every
next-nearest neighboring bonds within every six carbon atoms
are modified. In the O-Kek structure, an energy gap is opened
at the Dirac point, 31404145461 and the two helical valleys are

[31,40,41,45,46

degenerate. | The structure is now a valley-version

topological insulator causing significant variation of the band
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structure. Both two types of Kekulé superlattice structures fold

the K and K’ points of the original graphene into the center of
30,31,40,41]

the Brillouin zone (I") as shown in Fig. 1(c).!

(b)
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Fig. 1. Schematic diagram of (a) Y-Kek and (b) O-Kek distorted graphene
superlattice structures. The blue solid lines represent the contraction of
the three carbon—carbon bond lengths in the supercell. §; (i = 1,2,3) are
the nearest-neighbor carbon atom vectors. 6t (i = 1,2,3) refer to the
electronic hopping energy correction terms between carbon atoms caused
by the contraction of carbon—carbon bond lengths in the Kekulé structure.
(c) The Brillouin zone of the original graphene and Y-Kek (O-Kek) struc-
tures overlaps at the center point I for the K and K’ valleys (gray Dirac
points). (d) Dispersion relations of the O-Kek (blue dashed line) and
Y-Kek (black solid line) distorted graphene superlattice structures near
the center of the Brillouin zone. Panel (d) is reproduced from Ref. [40].
©2018 The Author(s). Published by IOP Publishing Ltd on behalf of
Deutsche Physikalische Gesellschaft. All rights reserved.

In recent years, the study of valleytronics in Kekulé
graphene structures has successfully attracted widespread
attention due to its unique valley-coupling effect in the
system,[*) which can be used to control the valley
transport. 303147551 Tn 2021, Bao et al.'** inserted Lil>°]
atoms between graphene sheets and SiC substrate realizing a
Kekulé superlattice structure, and confirmed the breaking of
valley chirality symmetry in Kekulé structure!30-313641,501 59
well as the generation of a topological phase with valley—orbit
coupling. !

Currently, it has been proposed that the valley-related in-

[36.44,501 especially the one

teraction in the Kekulé structures,
breaking valley chiral symmetry, can lead to numerous in-
teresting transport properties of valley electrons.3%-31:301 San-
tacruz et al.'’! found that valley—-momentum coupling in the
Y-Kek structure can result in a low attenuation rate and low
frequency valley-driven oscillatory motion of the wave pack-
ets of Dirac electrons. The theoretical research by Beenakker

(401 showed that the Y-Kek graphene can induce valley

et al.
isospin locking with momentum direction in a parallel or anti-
parallel configuration. The mirror-symmetric Y-Kek structure
has two chiral valleys, which still possess the massless prop-
erties of Dirac fermions. This can lead to the disappearance
of the valley degeneracy of Landau levels related to the mag-

netic field. The coupling of valley and momentum!*’! can

lead to the emergence of many novel physical properties in
the Kekulé structures, such as valley precession,*?! the en-
hanced Andreev reflection,*’! and the valley supercurrent, 3]
integer quantum Hall effect,®®! and supercurrent rectification
effect.[>]

In this work, we mainly review some recent progresses of
valley transport in two-dimensional Kekulé graphene superlat-
tices. In Section 2, we briefly introduce the characteristics of
the Kekulé structures as well as the modified energy band. In
Section 3, we discuss the researches of the generation of valley
current in Kekulé structures. In Section 4, we introduce some
proposed methods to manipulate the valley current flowing in
Kekulé structures. In Section 5, we review the works about
the detection of valley current in Kekulé structures. We sum-
marize the current challenges and issues of the valleytronics
research on Kekulé structures in the last section.

2. Characteristics of the Kekulé structures

We first introduce the characteristics of the Kekulé-
distorted lattice structure and the resulting energy band struc-
ture. As schematically shown in Figs. 1(a) and 1(b), the
Kekulé distorted graphene is based on the original hexagonal

honeycomb lattice while the lattice vectors are given by (4]

ay = %(3@,3), (1)

ay = %(3\@,—3). )

Here, ay is the nearest neighbor spacing of carbon atoms in

[40.601 Tn real space, the three

the original graphene lattice.
nearest neighbor vectors are given by d; = %(\@, —1),0, =
—%(\/i 1),63 = (0,1). A (blue dot) and B (red dot) are used
to mark the two non-equivalent carbon atoms in each primitive
cell. As shown in Fig. 1(c), the two original K and K’ valleys
in the reciprocal lattice space are distributed at two vertices of
the Brillouin region of graphene but now for the Kekulé struc-
ture, the K valley and K’ valley are located respectively in the
new reciprocal lattice sites as!*?l K, = %n\@ (%1, \@)

The Hamiltonian of the Kekulé lattice tight-binding

model can be expressed as*"!

H=-%,%_\t, jabyis,+h.c. (3)

The creation operator of the A carbon atom at the spatial coor-
dinate r is represented by al., while the annihilation operator
of the B carbon atom at the spatial coordinate  + §; is repre-
sented by by15,. The hopping energy between the A carbon
atom at the spatial coordinate 7 and its three nearest neighbor-

ing B carbon atoms reads 4"’

trJ = tO{l +2RC[A ei<pK++qK,).5j+i23ﬂ]}

P.9q€Z, neZ, 4

where ty represents the hopping energy between the nearest
neighboring carbon atoms in the original graphene structure.

017801-2
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A = Age'? represents the coupling term between the K and
K’ valleys caused by lattice distortion.3%-31:4061] Tt is not dif-
ficult to obtain the energy dispersion of both types of Kekulé

structures and they are given by [40-4]

Eo-kek = \/ Vi |E|> + (31040)?, (%)

Ey_kex = vi(1+Ap)|K|. (6)

Here, v¢ represents the Fermi velocity and k is the momentum
extended from the K or K’ point. It is seen that the energy dis-
persion of the Y-Kek structure has two split linear E—k while
the O-Kek shows an energy gap opened at the band center as
shown in Fig. 1(d). The energy gap is created by the valley
coupling term and the magnitude is determined by the strength
Ap.

In 2022, Garcia et al." studied a generalized Hamil-
tonian of the Kekulé-distorted graphene by considering dif-
ferent hopping-energy and site-energy modifications, and they
predicted various semimetal, metal, and topological insulator
phases emergent in the Kekulé-graphene lattice. Figures 2(a)
and 2(b) are the typical (semi) metallic phases, which are
even more interesting by themselves since the two chiral val-
ley bands can shift to each other within peculiar parameters.
Figures 2(b)-2(h) are the several topological phases and the
most intriguing aspect is that one of the valley bands is in
a semimetallic phase while the other one is in a topological
insulating phase. Gutierrez et al.’®! successfully fabricated
the Y-Kek graphene lattice with the typical band structure as
shown in Fig. 2(a) in the experiment. Afterwards, Eom et
al.1®?) confirmed the Kekulé topological phase with broken
chiral symmetry of a single valley by using scanning tunnel-
ing microscopy, i.e., one band remains linear dispersion but the

L [44

other opens a gap as shown in Fig. 2(c). Bao et al.**! demon-

strated the valley—orbit coupling topological phase shown in
Fig. 2(f) by embedding Li!*%! into double-layer graphene on a
SiC substrate.

(a), (b)g (©) (d), (€) ® © (] =
v X A& 2 A 4 2 4
v / y &
Fig. 2. (a)-(h) Topological phase diagram of the Kekulé structures, where
red and blue represent the K (v =1) and K_ (v = —1) valleys, re-
spectively. Massless Dirac fermions in both valleys with (a) uy, = 0,
AE =& —& =0and (b) py =0, A =&, — & =0.4. Chiral sym-
metry breaking in a single valley with massless (¢) u— =0, A = 0.2
and (d) massive p; = —0.2, A = 0 Dirac fermions. (¢) Quadratic band
crossing point with g = —0.1, gy = —0.1, A = 0.2. () Valley-orbit
coupling with u_ = 0.1, uy = —0.1, AE = 0.4. (g) Zeeman-like effect
with u— = 0.15, uy = 0.25, A€ = 0. (h) Crossing of conduction bands
with g =0.2, uy =0.3, A = —0.2. &, and p are related to site energy
modifications of the Kekulé structures. Panels (a)—(h) are reprinted fig-
ures with permission from Ref. [50]. Copyright ©2022 by the American
Physical Society.

Therefore, the Kekulé-distorted graphene has various
band structures including both the metallic/semimetallic and

the topological insulating phases, which are very dependent
on the different site-energy distributions as well as the differ-
ent bond-energy configurations. In the following, we will in-
troduce some characteristics of the valley transport affected by
the Kekulé distortion in graphene.

3. Valley Kekulé-distorted
graphene

generation in

The valley coupling effect in the Kekulé structures can be
employed to produce the valley polarized current. As the sin-
gle valley case is shown in Fig. 2(c), the valley polarization
can be obtained simply using a gate voltage. In 2014, Wang et
al.1%%) studied a time-dependent lattice distortion (TLD) of the
O-Kek structure to produce pure valley current. The system

Hamiltonian reads(©1:63]
1
H(t) = hVF [(kax + G}'k)’)nz —+ A(l‘) w
e — 1
LA (r) %} 7 -

where o is the frequency, vr is the Fermi velocity, the Pauli
operator o and 1) denote the A and B sublattice space and val-
ley space, respectively. A(r) = (A, +iA,)e'® = Ael(@+0) js
the gauge field induced by the time-varying Kekulé lattice vi-
bration (distortion) of the optical phonon mode[®!-63-631 with A
being the distortion strength. The valley resonance effect and
valley flow can be generated in this system.

Authors verified that the pure valley current can be
pumped out from the time-dependent Kekulé region to the
left/right graphene lead where the valley is well defined as
schematically shown in Fig. 3(a). The K (K')-valley electrons
are transported into the middle region below the Fermi energy
and experience a valley flip by absorbing a photon so that a
pure valley current forms. The process is actually a topolog-
ical valley-version pump similar to the Thouless pump. Such
a pure valley current can be reflected as the transverse volt-
age by the inverse valley Hall effect(® in the circuit presented
in Fig. 3(b). In Figs. 3(c) and 3(d), the reflection coefficient
(Jr+—|?) is a unit in the energy gap representing that a clear val-
ley resonance effect appears and the quantized valley current
pumps out the system when the frequency is in the energy gap,
i.e., the time-dependent lattice distortion can generate a quan-
tized valley current in O-Kek structure. Meanwhile, other op-
tical and electrical pumping methods have also been employed
to induce the valley polarized current in the similar graphene-

like materials.[%-13

I For example, Wang et al.! proposed that
the valley and spin polarized currents can be generated and
manipulated through an adiabatic electron pumping in single-
layer MoS, since the valence band of material is valley—spin
polarized.

Beenakker et al.>*! realized that the O-Kek structure has

an energy gap as shown in Fig. 1(d) due to the introduction

017801-3
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of the valley coupling, so it resembles a superconductor due
to the valley condensation like the usual charge condensation.
The pairing was still between the K and K’ valleys. They
proposed a graphene/O-Kek superlattice hybrid junction and
showed that there exists a valley flip effect at the interface of
the junction, which is the same as the local Andreev reflection
occurring in the usual metal/superconductor junction.[”] The
K and K’ valleys corresponded to the roles of electrons and
holes in topological superconductors.

(c) —02=10"tA=0.01t
<o 0n=10"tAS0.02
/22107t A=0.02

(©)

—E=10"t A=0.01t

<o E=107tAS0.02t

04 E=10!IA=0.02t . .

0.00  0.01 002 003
ol2(t)

Fig. 3. (a) A diagram showing a device that resonates with two-terminal
electron valleys. The time-dependent Kekulé distortion region generates
pure valley currents made up of the oppositely moving K-valley and K’-
valley electrons, which then flow into the left and right graphene leads.
(b) Schematic of an electron valley detection device. As a result of the in-
verse valley Hall effect, a measurable transverse voltage is generated when
the pumped valley current /, is injected into a gapped graphene. Energy-
averaged reflection coefficient |r; _|? as a function of the (c) Fermi energy
E and (d) TLD frequency ®. The unit reflection coefficients represent the
quantized pump and A is the energy gap magnitude of the TLD region.
Panels (a)—(d) are reprinted figures with permission from Ref. [63]. Copy-
right ©2014 by the American Physical Society.

In Figs. 4(a) and 4(b), authors found that the incident elec-
trons in the K valley are completely reflected as K’ electrons
when the incident angle is approximately normal (|g| < g,
q. being the critical momentum) to the interface. Due to the
topological phase transition, there is a transition from com-
plete inter-valley reflection to complete intra-valley reflection
at ¢ = +qc, (vrge = /| 0t|? — 12, the parameters u (real), o,
and f (complex) are determined by the substrate potentials on

these six atoms!3-08

1). As shown in Fig. 4(a), g, is a pair of
conical points formed by the splitting of the Dirac cone due
to the valley coupling. The valley flip process is protected by
topological invariants and the complete reflection between the
two valley electrons still occurs even with a large Fermi energy
mismatch at the interface of the superlattice.[®”]

By taking the O-Kek structure as a valley-condensed su-
perconductor, Wang et al.3!! studied a hybrid junction of
O-Kek/graphene/O-Kek heterostructure (GS/G/GS) shown in
Fig. 5(a) that can be viewed as a Josephson-like junction to
produce the valley supercurrent flowing in the system. In the
O-Kek structure, the valley coupling term Ae'? (j = L/R)

representing the left and right Kekulé structures is a com-

plex number varying with the crystal axis or lattice distortion

61,63]

mode, | as a result, the valley coupling can have a differ-

ent azimuthal phase same as the microscopic superconducting

phase.

(@) u=05 a=1=5 ]
—~ T T T
s of ]
=
é 1 _l/qc +qc
K0
-1
5]
g -2t -

| | |

> 1 T T T
et |2
z (b)) \ [ 4
2 :
8,
o b i
=)
£ L i
= ki |
£ 0 :

-2 -1 0 1 2

transverse momentum ¢ (A/ag)

Fig. 4. (a) Energy spectrum of superlattice graphene. (b) Reflection prob-
ability |rgs K(KK)|2 as a function of the transverse momentum g. When
a superlattice graphene strip with a length of L = 10ag is connected to
heavily doped pristine-graphene electrodes at x = 0 and x = L in the
x-direction, the corresponding reflection probability shows complete re-
flection into the opposite valley in the topologically nontrivial regime

near normal incidence (|¢| < gc = /|@|? — u2). Panels (a) and (b) are
reprinted figures with permission from Ref. [53]. Copyright ©2018 by
the American Physical Society.

In Fig. 5(b), authors show that the system has a sponta-
neous valley supercurrent flowing in the middle region where
the valley is well defined without any Kekulé distortion. There
are some different properties of valley supercurrents from the
usual charge supercurrent. The global chemical potential
can reverse the supercurrent when it moves away from the
band center (E = 0) as shown in Fig. 5(d). While u is less
than the energy gap A, the discrete Andreev bound states in
the energy gap significantly dominate the valley supercurrent
Jy in comparison to the continuous states contributing to the
valley current J, in Fig. 5(c). The local potential applied on
the junction can similarly induce the so-called O-7 state tran-
sition of the Josephson junction in Fig. 5(e). Certainly, there
is no factor breaking time-reversal symmetry and thus, it is
different from the conventional Josephson junction.

Garcia et al."! studied a Kekulé-distorted graphene pn
junction schematically shown in Fig. 6(a), where the Dirac
band can be modified specifically via different on-site and
bond-energy modifications as shown in Fig. 2. So the valley-
dependent transports are very abundant and various phenom-

017801-4
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ena exist like Klein tunneling, valley flip, valley fully polar-
ization, and perfect valley filtering. The Klein-tunneling is
shown in Fig. 6(b) while other panels display different valley-
related transmissions and reflections in Figs. 6(c)-6(g). For
example, the single valley (full valley polarization) transport

6(g). The phenomenon of zero transmission of valley current
can be achieved as shown in Figs. 6(f) and 6(g). According
to these results, different valley-control devices for Kekulé-
graphene heterostructures can be designed by selecting differ-
ent parameters based on the corresponding topological phases

represented by the red energy region is shown in Figs. 6(c)—-  of the Kekulé structures.

GS

v

J (ea/h)

o
'
>
o
(&)
—
o

L=100a, ¢=—r/2

Uy

Fig. 5. (a) A GS/G/GS junction. Ae'?% (j =L,R) is valley coupling terms of the left and right O-Kek structures. An energy gap of the O-Kek
structure depends on the magnitude of the term A. Up represents the gate voltage applied to the pristine graphene. L and W are the length
and width of the junction, respectively. (b) Schematic of a self-closed path of quasiparticles reflected on the G/GS interfaces, where 1 = %1
represents two opposite chiralities. Valley supercurrent J, as a function of (c) the chemical potential 1 with W = 10000a and (d) phase ¢ with
|| < A. (c) and (d) Other parameters are ky = 0, Uy = 0, and L = 20a. (e) The valley supercurrent density J as a function of the local potential
Up with g =0 and W = 10000a, a is the lattice constant. Panels (a)—(e) are reprinted from Ref. [31]. ©2020 The Authors. Published by the
American Physical Society.

- EDr -

Fig. 6. (a) Schematic of a Kekulé-graphene pn junction with the potential profile shifting the energy band structures between the two regions.
(b)-(g) The probabilities of reflection RV and transmission 7V under normal incidence for various Kekulé-graphene pn junctions as a function
of Fermi energy E with different cases. (b) Massless Dirac fermions in both valleys with the dashed-gray line separating the interband (E < 1)
and intraband (£ > 1) tunneling regime. (c) Chiral symmetry breaking in a single valley. (d) Quadratic band crossing point. (e) Valley—orbit
coupling. (f) Crossing conduction bands. (g) Zeeman-like effect. v = £1 are valley indices. The insets present the band structure of the pn
junction with the Fermi energy E being represented by a dotted line. The regions of complete valley filtering are depicted by the red and blue
rectangles, while the transport gap is shown as green areas. Panels (a)—(g) are reprinted figures with permission from Ref. [50]. Copyright ©2022
by the American Physical Society.
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4. Valley manipulation by the Kekulé distortion

In the last section, several works are reviewed to generate
the valley current or valley-polarized charge current flowing
in the Kekulé-distorted graphene based hybrid junctions due
to the peculiar band structure. The essence is the presence of
the valley-coupling effect due to the Kekulé distortion. Nu-
merous works were also dedicated to manipulating the valley
by use of the same valley coupling effect, [30-32:34,35:40.47,53,54]

Wang et al.’?! studied a graphene-In,Te, superlattice
structure as shown in Fig. 7(a), where the graphene superlat-
tice same as the Kekulé-distortion graphene has a valley cou-
pling effect and thus abbreviated as GS. It was found that by
adjusting the length L of the GS region the valley periodic pre-
cession can be generated in the G/GS/G structure as shown
in Figs. 7(b) and 7(c). The valley precession effect is mainly
attributed to the valley coupling effect in the GS. When an
electron of the K (K') valley enters the GS region from the left
lead, the valley-related interaction can precess the valley like
a magnetic field rotating an unparallel spin, which leads to the
electron exiting from the right lead in a controlled valley state,
i.e., the superposition state of the two valleys (or chiral valley)

L/a

0.00 002 004

Vo

004 002

depending on the concrete parameters.

(a)
Vi =[K)

G ;

0.0

(b) E=0.09t [(c) E=0.00t
0 1k 2k 3k 4k 5k 6k 0 1k 2k 3k 4k 5k 6k
L/a L/a

Fig. 7. (a) Schematic of a graphene/graphene-In,Te,/graphene structure

(G/GS/G). When an electron of the K valley (wave function y;, = |K))

enters the GS region from the left lead, it exits from the right lead and is

the superposition state of the two valleys (Wou = @|K) + B|K’)). (b) and
!

(c) Valley-dependent transmission ngu{)

as a function of the GS layer
length L but with different site-energ}; modifications. The valley preces-
sion periods in panels (b) and (c) are different. The hopping energy  is set
as energy unit. Panels (a)—(c) are reprinted figures with permission from
Ref. [32]. Copyright ©2015 by the American Physical Society.

0.005
-1.5

b
(f) U,=0.04t, 3t=0.04t

00
-15

10 05 00 05 10 15

0

Fig. 8. (a) Schematic of a G/Y-Kek/G structure for modulating the valley degree of freedom. Transmission coefficients 777 (T”’) as a function of
(b) the Y-Kek structure length L with the Fermi energy E = —0.04¢, Vi = 0.02, and (c) the local potential Vy with E = —0.01¢, L = 1200a. (b) and
(c) Other parameters are Uy = 0, ¢ = 0 and 61 = 0.04¢. (d) Schematic diagram of electron tunneling through a rectangular potential barrier Vy in
a Y-Kek structure with chiral symmetry breaking. Transmission coefficients 7' as functions of the incident angle ¢ and the local potential barrier
Vo to (e) pristine graphene and (f) Y-Kek structure with E = 0.01¢ and L = 300a. Uy is an extra site-energy modification of the Y-Kek structure.
Panels (a)—(c), (e) and (f) are reprinted from Ref. [30]. ©2018 The Authors. Published by the American Physical Society.

017801-6



Chin. Phys. B 33, 017801 (2024)

The valley manipulation was also conducted by the
same group in the graphene/Y-Kek/graphene structure (G/Y-
Kek/G), 301 where Y-Kek superlattice structure maintains mir-
ror symmetry as shown in Fig. 8(a). They demonstrate that
the valley-related transmission coefficient 7°° (T™) exhibits
periodic oscillations with the scattering region length L in
Fig. 8(b). Similarly, the valley precession effect is also achiev-
able by adjusting the gate voltage Vj of the scattering region
as shown in Fig. 8(c). The proposed method of manipulat-
ing valley freedom by adjusting gate voltage is more opera-
ble in experimental research and more convenient compared
to changing the device parameters itself.

The presence of Cu vacancies in the Y-Kek structure
causes a modification of the energy levels of carbon atoms
with Cu vacancies, which leads to the breakdown of the mir-
ror symmetry in the Y-Kek structure.33 The chiral valleys are
no longer the K or K’ valleys in the original graphene struc-
ture. There exists only a single chiral or valley-coupling in
the Y-Kek structure with appropriate parameters as shown in
Fig. 2(c). Therefore, electrons in the single valley case can

GR KYG

G (Go)

lead to a super Klein tunneling.!%°~7%] Reference [30] studied
the transmission model of Fig. 8(d) and the perfection trans-
mission can be obtained in a larger range of incident angles in
Fig. 8(f) than that in the usual non-Kekulé graphene system in
Fig. 8(e).

Li et al.'¥ in a recent work studied a reversal valley
precession effect in the similar Y-Kek heterostructure, which
consists of the left and right Kekulé materials and a layer of
strained graphene between them as shown in Fig. 9(a). Au-
thors verified that a perfect spatial valley precession or the val-
ley version transistor device is achievable, because the preces-
sion periodicity does not depend on the Fermi energy as well
as the transverse momentum shown in Figs. 9(b)-9(e). Cer-
tainly, the precession is dependent on the local potential of Y-
Kek distortion!**! and the uniform strain strength.!!-7#] These
two conditions are particularly useful for the valley transistor.
The local strain applied onto the pristine graphene can be re-
alized and controlled in an experiment by driving a local static

potential.

(b)

.
0 T

0.0 0.5

c

(©

.

0 T T T 0 T T T

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

£2(%) VIV (%)

Fig. 9. (a) Top panel: schematic of the Y-Kek/graphene/Y-Kek junction (KYG/GR/KYG). Bottom panel: the band structures of the left/right
Y-Kek (KYG) lead and the central strained graphene (GR) with the transverse momentum ky = 0. The valley polarized electron with valley
K—K’ is injected into the central strained graphene region with energy Ef, and the two folded valleys K and K’ of graphene are separated in the
transport direction by a distance of 26k due to strain. The conductivities of zigzag junctions vary with the strength of uniaxial strain applied
in the graphene region along the (b) armchair and (c) zigzag direction. The conductivities of armchair junctions vary with the strength of shear
strain applied in the graphene region along the (d) armchair and (e) zigzag directions. The on-site energy of sites A is Uy = 0.05¢yp and the
energy splitting between the lowest conduction band and the second conduction band is 249 = 2U, /3. Panels (a)-(e) are reprinted figures with
permission from Ref. [73]. Copyright ©2023 by the American Physical Society.

5. Valley-related transport due to Kekulé distor-

tion

The valley detection is a challenging and important issue
in the study of valleytronics. Currently, the detection methods
mainly are based on the results of the valley transport.[7>-78]
For example, the valley current can be transported into the
Kekulé-distortion region to generate a nonlocal voltage sig-
nal via the so-called inverse valley Hall effect.!””] In Kekulé

structures, the valley polarization of currents can also be in-
duced by introducing local charge imbalance, magnetic fields,
light fields, or different impurities.

Shen al.B! of

Kekulé/normal metal/Kekulé structures as shown in Fig. 10(a)

et constructed  heterojunctions
and studied the modulation of the Josephson effect by intro-
ducing non-resonant circularly polarized light in the normal

non-Kekulé region. For two different Kekulé structures, the
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light field excites different valley isospins in the normal re-
gion. The study shows that the non-resonant circularly polar-
ized light causes the valleys no longer degenerate, as a result,
the combined effect of the light field and the O-Kek structure
fully polarize the valleys, forming a 7-state superconducting
Josephson junction as shown in Figs. 10(b) and 10(c). How-
ever, the Y-Kek version can only lead to a O-state Josephson
junction as shown in Figs. 10(d) and 10(e). Such a difference
could be utilized to discern the valley imbalance.

Sy

(a)

Fig. 10. (a) Schematic of a superconductor/normal metal/superconductor
junction based on Kekulé structures. The illumination parameters and
junction lengths are defined as Fy and L, respectively. The red wavy lines
indicate the off-resonant polarized light only applied in the normal region.
Josephson current in O-Kek/normal metal/O-Kek junction as a function
of the phase ¢ with Co = 30, (b) F;; = 10 and (c) L = 0.1. Josephson
current in Y-Kek/normal metal/Y-Kek junction as a function of the phase
¢ with Cy = 0.1, (d) F; = 10 and (e) L = 0.1. (b)—(e) Other parameters
are t =42 and T /T, = 0.1. Co(y) represents the coupling amplitude in-
troduced by the O-Kek (Y-Kek) bond density wave. Panels (a)—(e) are
reprinted figures with permission from Ref. [51]. Copyright ©2022 by
the American Physical Society.

Andrade et al.®?! studied the valley electron birefrin-
gence phenomenon in the original graphene structure with
circularly symmetric Kekulé distortion structure as shown in
Fig. 11(a).
hanced Kekulé distortion and the local static potential should

For low carrier concentrations, the locally en-

lead to skew scattering of different valley electrons in oppo-
site directions, resulting in the valley Hall effect. This is a
hallmark of the Y-Kek distortion. Authors show some charac-
teristics of the birefringence phenomenon in Figs. 11(c) and
11(d).
Kekulé graphene distortion structure can produce heart-shaped

The negative refractive index added to the circular

envelope interference patterns with high concentration at the

tip, while the caustics and cusps of the circular lens are twice
than that of the pristine graphene structure. The continuously
enhanced Kekulé distortion strength can reduce the height of
the central (valley-protected) peak and lead to a shift in its po-
sition in the total scattering cross section. The two new peaks
correspond to quasi-bound state processes formed due to the
valley mixing effect as shown in Fig. 11(b). This study shows
that the valley Hall effect caused by deflection scattering can
be realized and detected in Kekulé graphene structures by a
four-probe experiment.

(a) (0) ™ v

0.8

—— intra-valiey

Cusp p=1

Cusp p=2

1956 -5 00 05 1.0 105 -05 oo

Fig. 11. (a) Schematic of a sheet of pristine graphene containing a cir-
cular Y-Kek structure of radius R (gray dashed area). Electrons in the
x-direction with momentum k are incident onto a circular region of radius
R with a gate potential and Y-Kek structure. (b) Total cross-section o; as
a function of gate potential Vy with kR = 1.5 x 107>. Inset: total cross-
section for intravalley o kx + Oy kg’ and intervalley o xx’ + Oy g7k Pro-
cesses with Kekulé amplitude A = 0.01. The probability density in log;o
scale varies with space to (c) pristine graphene and (d) Y-Kek distorted
graphene with A = 0.1 in the < R region for an incoming electron flux
in the x direction with valley polarization K’ and kR = 300. The boundary
between the scattering regions is indicated by the dashed line and there is
a gate potential VoR/(Ave) = 600 in the inner region. Panels (a)—(d) are
reprinted figures with permission from Ref. [52]. Copyright ©2022 by
the American Physical Society.

6. Outlook and summary

Although the valley flow like the pure spin counterpart
does not have any electrical signals, the unique electronic and
optical properties of the Kekulé structures can make them
more useful to study valley transport even in experiment. It
is hoped that the Kekulé structures can be designed as the ba-
sis of a new generation of valley-dependent electronic device.
For example, the Kekulé system can be used to design and
manufacture valley filters by using circularly polarized light to
control valley polarization. The gap of the basis atoms opens
an energy gap of the Kekulé structures, and this provides a new
idea for the external electric field manipulation of qubits. The
Kekulé structures can be used to detect and measure changes
in valley polarization caused by external stimuli, to develop
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highly sensitive sensors, and to make more efficient energy
storage and processing devices as well. In short, Kekulé dis-
torted graphene has broad application prospects in the field
of valley electronics. The expected excellent performance of
electronic devices based on valley electronics makes it more
significant to study the Kekulé structures for potential applica-
tions in valleytronics.

At present, the study of valley transport in the Kekulé
structures is mainly concentrated on the theoretical aspect.
This field is still in its early stages, although experiments
have successfully placed the original graphene structure on
specific atomic substrates such as Li, Rb, Cs or Na to form
Kekulé distorted structures.[>0-30-831 However, the Kekulé dis-
torted graphene-like materials still face some urgent problems
and challenges before the practical applications. The exper-
imental preparation of Kekulé distorted graphene materials is
complex and requires high precision control, subsequently, the
precise control and manipulation of valley degrees of freedom
certainly have strict requirements on the device and the en-
vironment. At the same time, the holes in the distorted lattice
structure can create defects that affect the electronic properties
of the material due to the fabrication of the Kekulé structures,
while the metal adatoms causing the same distortion effect can
also weaken the mechanical properties of the material.

We have conducted an overview of the transport proper-
ties of Dirac electrons in the Kekulé-distorted graphene and fo-
cused on the Kekulé distortion effects on the valley generation,
manipulation, and detection in the field of valleytronics. Nu-
merous theoretic works are dedicated to studying the valley-
related transport in the Kekulé materials as well as the energy
band structure, because the Kekulé distortion can directly pro-
vide a coupling between the two opposite valleys while such
valley coupling can play a significant role in the valley trans-
port like the spin—orbit interaction in the spin transport. A few
experimental works have measured the Kekulé structures in
graphene, so the theoretical predictions shall make the Kekulé
structures promising for fabricating the electron devices based
on the valley degree of freedom.
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